In embryonic development, PTK7 regulates orientation of cells in a tissue plane. Results: PTK7 controls cellular protrusions and, as a result, directional cell motility and metastasis in fibrosarcoma HT1080 cells. Conclusion: Both PTK7 expression and proteolysis contribute to efficient cell motility and metastasis. Significance: PTK7 is a potential diagnostic biomarker with predictive value and a promising drug target in cancer.
Motile processes are essential for a plethora of physiological and pathological situations ranging from embryo development to tumor dissemination and metastasis. Migrating cells need to arrange both leading edge-rear end polarity consisting of cyto-skeleton-driven extension and trafficking of necessary membrane extension and adhesion components (1) (2) (3) (4) (5) . Widely expressed protein-tyrosine kinase 7 (PTK7) 3 (also known as colon carcinoma kinase-4, CCK-4) is a member of the receptor protein tyrosine kinase family. In this family of kinases, the kinase-like domain lacks at least one of the usually conserved catalytic residues (6 -8) . In vertebrate tissue morphogenesis, PTK7 regulates the canonical and non-canonical Wnt pathways and orientation of cells in a tissue plane (planar cell polarity) (7) (8) (9) (10) (11) . The full-length membrane PTK7 consists of seven extracellular immunoglobulin-like (Ig) domains, the transmembrane and juxtamembrane regions, and a catalytically inert cytoplasmic tyrosine kinase domain (12) . Depending on the cell type, PTK7 was observed to bind to multiple proteins, including plexins and semaphorins (13, 14) , RACK1 and PKC␦1 (15, 16) , ␤-catenin (9), Wnt3a and Wnt8 (11, 17) , LRP6 (6) , and Src (18) .
Recently, we and others (19 -22) established that PTK7 is a subject of proteolysis in species ranging from zebrafish to humans. In humans, stepwise proteolysis involves the activities of MT1-MMP, the members of the ADAM/ADAMTS family, and ␥-secretase. Proteolysis of the full-length PTK7 results in the soluble N-terminal fragment and the respective C-terminal, membrane-associated, and intracellular proteolytic fragments (21, 22) . These proteolytic events reverse the anti-invasive effect of the full-length membrane PTK7.
Because of extensive proteolysis and fragmentation of PTK7 leading to its multiple proteolytic fragments with contrasting functions, the current measurements of PTK7 in human cancer tissue specimens remain controversial. These measurements are predominantly based on semi-quantitative immunohistochemistry using a single PTK7 antibody and on measurements of PTK7 mRNA levels in tumor samples. As a result, the literature suggests that the expression of PTK7 is up-regulated in colon (23, 24) , gastric (25) and lung cancers, and acute myeloid leukemia (26, 27) and down-regulated in melanomas (28, 29) and breast carcinomas (30, 31) , some of which exhibit deletions of the human chromosome 6p containing the genomic PTK7 gene. The most recent observations by others suggest the fundamental function and the high prognostic value of PTK7 in the most aggressive, metastatic cancer types, including breast, lung, and colorectal cancer and intrahepatic cholangiocarcinoma (32) (33) (34) (35) .
To shed more light on the function of PTK7 in cancer, we performed a series of cell migration, invasion, and metastasis assays in cultured cells and mouse and chick embryo tumor models. To corroborate our observations, we also analyzed the status of MT1-MMP and PTK7 in clinical cancer samples. Our results established that PTK7 plays a highly significant role in metastasis. We also suggest that the MT1-MMP/PTK7 axis, rather than PTK7 alone, is a potential biomarker and a promising drug target in malignancies in which the MT1-MMP activity and PTK7 are co-expressed.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-General reagents were purchased from Sigma-Aldrich unless indicated otherwise. A goat polyclonal AF4499 antibody against the N-terminal 31-199 PTK7 portion, a mouse monoclonal 3G4 antibody to the MT1-MMP catalytic domain, a rabbit polyclonal ␣-tubulin antibody, a rabbit polyclonal antibody to the trans-Golgi network integral membrane protein TGN46, and phalloidin conjugated with Alexa Fluor 594 were from R&D Systems, EMD Millipore, Cell Signaling Technology, Abcam, and Invitrogen, respectively. Alexa Fluor 488-conjugated species-specific secondary antibodies were from Invitrogen. A rabbit polyclonal antibody against the C-terminal portion of PTK7 was from Cell Signaling Technology.
Cells, Cloning, and Mutagenesis-Human fibrosarcoma HT1080 cells (HT1080 cells) were from ATCC. HT1080 cells transfected with the full-length 1-1070 PTK7 construct tagged with the C-terminal FLAG tag (PTK7 cells), the MT1-MMPresistant L622D mutant in which the MT1-MMP cleavage site is inactivated by mutation, and the Chz mutant with the insertion of Ala-Asn-Pro 509 (Chz cells) were described earlier (19 -21, 36) . The Ala-Asn-Pro 509 insertion generated an additional MT1-MMP cleavage site (Pro-Glu-Lys2Leu 512 ) in the Chz mutant (19). Cells with the transcriptional silencing of MT1-MMP were obtained using the shRNA construct (shMT1 cells) (21, 37) . shMT1 cells were transfected with the Chz construct using Lipofectamine LTX (Invitrogen), and the clones were then selected in the presence of G418 (200 g/ml) to generate the shMT1-Chz cells. To facilitate their identification in vivo, HT1080 and PTK7 cells were transfected with the DsRed2 retroviral red fluorescent protein (RFP) (Origene; pRFP-C-RS; catalogue no. TF200451) (38) and selected using a cell sorter to isolate HT1080-RFP and PTK7-RFP cells, respectively. The 29-mer shRNA construct was used to silence the endogenous PTK7 in HT1080 cells. Following transfection of the cells using the visual reporter vector, the RFP-positive cells were selected using a cell sorter. Selected cells were then grown in the presence of puromycin (2 g/ml). Western blotting with the goat polyclonal PTK7 antibody was used to select the silenced clones. Three individual clones with the silenced PTK7 were pooled together to generate shPTK7 cells.
Cell and Tissue Lysates-Cells were grown in a 10-cm tissue culture dish (BD Biosciences) to reach ϳ80% confluence and then lysed, using 0.5 ml of 20 mM Tris-HCl, pH 7.4, containing 1% deoxycholate, 1% octylphenoxypolyethoxyethanol, 150 mM NaCl, a protease inhibitor mixture III, 1 mM phenylmethylsulfonyl fluoride, and 10 mM EDTA. Following centrifugation, the protein concentration in the supernatants was adjusted to 1.5 mg/ml. Human colon normal and tumor tissue lysates were prepared by Protein Biotechnologies. To assure the high quality of resected samples, tumor and matching normal tissue specimens were flash frozen to Ϫ120°C in 5-10 min post-resection. Tissue samples were lysed in radioimmune precipitation assay buffer (PBS, pH 7.4, 1 mM EDTA, 0.25% sodium deoxycholate, 1 mM Na 3 VO 4 , 1 g/ml of aprotinin, pepstatin-A, and leupeptin each, 1 mM NaF, 0.1% SDS, and 1 mM phenylmethylsulfonyl fluoride). Following centrifugation, protein concentration in the supernatant fractions was adjusted to 1 mg/ml. The extract aliquots (30 g total protein each) were analyzed by Western blotting with the specific primary antibodies followed by horseradish peroxidase-conjugated species-specific secondary antibody (Fitzgerald Industries) and the SuperSignal West Dura extended duration substrate (Thermo Fisher Scientific). The chemiluminescent signal was acquired using the HyBlot CL autoradiography film (Denville).
Cell Surface Biotinylation-Cells were surface-biotinylated using EZ-Link sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate (0.1 mg/ml in PBS; 1 h; 4°C). Cells were lysed as above, and biotinylated proteins were precipitated from the supernatant samples using streptavidin-agarose beads. The captured material was eluted using 2ϫ SDS sample loading buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 0.005% bromphenol blue, 20% glycerol, and 20 mM DTT).
Detection of the Soluble PTK7 Ectodomain in the Medium Samples-Cells were grown to reach a 60 -90% confluence in wells of a 12-well tissue culture plate (Becton Dickinson). Cells were washed with and then transferred for 16 h to fresh serumfree DMEM (0.5 ml/well). The medium aliquots were then withdrawn and centrifuged to remove cell debris. The supernatant was concentrated until dryness using a SpeedVac. To remove salt, the pellet was washed using acetone, dissolved in 1% SDS and centrifuged to remove insoluble material (14,000 rpm; 10 min). The supernatant aliquots were analyzed by Western blotting using the PTK7 antibody to the N-terminal PTK7 sequence.
Scratch (Wound Healing) Assay-Confluent cells in wells of a 24-well culture plates (BD Biosciences) were scratched using a 0.2-ml pipette tip and incubated 8 h at 37°C in a humidified chamber. Cells were then fixed using 4% paraformaldehyde and observed using a microscope (4ϫ objective), and three images/ well in three wells were recorded and digitized for each condition. The wound area was quantified using ImageJ software and presented as percentage relative to HT1080 cells (ϭ 100%).
Invasion Assay in Three-dimensional Collagen-Cells (1 ϫ 10 5 /well) in serum-free DMEM (80 l) were mixed with type I collagen (20 l, 3 mg/ml, BD Biosciences). Aliquots (20 l each) were then placed in wells of a 12-well plate. The plates were incubated for 30 min at 37°C to allow the collagen gel to polymerize. Next, type I collagen (50 l) was mixed with DMEM, containing 10% FBS as chemoattactant, and the mixture (200 l) was added to each well. Following polymerization of the FBS-containing collagen layer (ϳ60 min), serum-free DMEM (0.5 ml) was added to each well, and incubation was continued for an additional 72 h. The cells were stained using 0.2% crystal violet/20% methanol (0.5 ml; 1 h). In the next 24 h, the excess dye was removed by water washes. Cell images were recorded using a digital camera. The invasion area was measured using ImageJ software and presented as percentage relative to HT1080 cells (ϭ 100%). Each sample was analyzed in triplicate.
Transwell Invasion Assay-The assay was performed in wells of a 24-well Transwell plate with an 8-m pore membrane (21) . The insert membranes were coated with type I collagen (30 g/well, 3 mg/ml, BD Biosciences). Cells (1 ϫ 10 5 /well) in serum-free DMEM (0.1 ml) were placed into the upper chamber. DMEM-10% FBS (chemoattractant, 0.6 ml) was placed in the lower chamber. Serum-free DMEM (0.6 ml) was used as a control. Cells were allowed to invade for 3.5 h. The cells were stained for 10 min using 0.2% crystal violet/20% methanol (0.3 ml). The cells on the upper membrane surface were removed with a cotton swab. The dye from the cells that migrated onto the lower surface of the membrane was extracted with 1% SDS (0.25 ml). Dye absorbance was measured at A 570 nm using a plate reader. Cell invasion is presented as percentage relative to HT1080 cells (ϭ 100%). Each sample was analyzed in triplicate.
Live Cell Imaging-Cells (1 ϫ 10 3 cells/well) were grown in wells of a 96-well glass-bottomed plate (PerkinElmer Life Science). Cell images were acquired at 5-min intervals for 8 h using an inverted fully automated, incubated Nikon TE2000 Perfect Focus System epi-fluorescence microscope (10 ϫ 0.3 numerical aperture objective) and an Orca II charge-coupled device camera. The cell tracking was performed using MetaMorph software (Molecular Devices), and the velocity/directionality data were analyzed by Excel. At least 100 cells were quantified for each condition. To measure lamellipodia dynamics and directionality, the images were acquired at 1-min intervals using a 20 ϫ 0.75 numerical aperture objective. The images were analyzed using MetaMorph software.
Immunofluorescence-Cells grown on a microscope coverglass (Fisher) were fixed using 4% paraformaldehyde, permeabilized using 0.1% Triton X-100, and blocked in 1% casein. Cells were stained using the TGN46 primary antibody (1:1,000 dilution) for 16 h at 4°C followed by Alexa Fluor 488-conjugated anti-rabbit secondary antibody (1:500 dilution). The Alexa Fluor 594-conjugated phalloidin (1:500 dilution) was used to visualize the actin cytoskeleton. The specimens were mounted in the Vectashield mounting medium with DAPI (Vector Laboratories). Images were acquired using an Olympus BX51 fluorescence microscope equipped with a MagnaFire digital camera and MagnaFire software (version 2.1C, Olympus).
In Situ Gelatin Zymography Using FITC-gelatin-Wells of a 96-well plate were coated with 50 l of FITC-gelatin (100 g/ml) for 2 h at 37°C. The excess gelatin was removed by washes using prewarmed DMEM. Cells (1 ϫ 10 3 /well) in DMEM-10% FBS were added to the wells and incubated for 72 h at 37°C. The cells were fixed with 4% paraformaldehyde for 10 min. The Alexa Fluor 594-conjugated phalloidin (Molecular Probes; 1:500 dilution) was used to visualize the actin cytoskeleton. The specimens were then mounted, and the images were acquired as above. The degraded FITC-gelatin area (10 images per condition) was quantified using ImageJ software (39) .
Tumor Growth and Metastasis Model in Mice-Athymic nu/nu mice were kept in a barrier facility under HEPA filtration and fed with an autoclaved laboratory rodent diet. All animal studies were conducted in accordance with the procedures outlined in the NIH Guide for the Care and Use of Laboratory Animals under assurance number A3873-1. Four-week-old mice (five mice per group) were used. For the tumor growth experiments, the HT1080, PTK7, and L622D cells (1 ϫ 10 5 / animal) were injected subcutaneously. Three weeks after cell injection, the mice were anesthetized using a ketamine mixture (10 l of ketamine-HCl, 7.6 l of xylazine, 2.4 l of acepromazine maleate, and 10 l of H 2 O) via s.c. injection, and the tumors were snap-frozen immediately after extraction. Tissue lysates were prepared using radioimmune precipitation assay buffer (PBS, pH 7.4, 1 mM EDTA, 0.25% sodium deoxycholate, 1 mM Na 3 VO 4 , 1 g/ml of aprotinin, pepstatin-A, and leupeptin each, 1 mM NaF, 0.1% SDS, and 1 mM phenylmethylsulfonyl fluoride).
For the metastasis model, the RFP-labeled HT1080, PTK7, and shPTK7 cells (1 ϫ 10 5 /animal, five mice per group, two independent experiments) were injected via the tail vein. The mice were examined daily for the signs of sickness, weight loss, and unusual behavior. At 11 weeks, if there were signs of sickness, mice were anesthetized using a ketamine mixture (10 l of ketamine-HCl, 7.6 l of xylazine, 2.4 l of acepromazine maleate, and 10 l of H 2 O) via s.c. injection and then subjected post-autopsy to the external fluorescent imaging of the lung from the ventral view. The OV100 Small Animal Imaging System (Olympus) was used to acquire fluorescence images of RFP-labeled metastases (38) . The lungs were then surgically removed and weighted using analytical balances (Sartorius). Kaplan-Meier analysis was used to determine mouse survival.
Metastasis Model in Chick Embryos-Chick embryos (University of Alberta Farms) were placed into sterile weigh boats with plastic lids at day 4 post-fertilization. To model metastatic lesion formation, on day 10 post-fertilization, cancer cells (50 l of 2 ϫ 10 6 cells/ml in PBS) were injected into a feeding arteriole in the chorioallantoic membrane (CAM) using a disposable micropipette syringe. To model the growth of primary tumor, the cells (1 ϫ 10 3 ) were implanted into the CAM of ex ovo embryos using the glass microcapillary (40) . To label the vasculature, lectin-FITC conjugate (50 l; Vector Biolabs) was injected using a disposable micropipette syringe into a feeding arteriole of the CAM. Cancer cells were allowed to form primary tumors and metastatic lesions for 5 days after which embryos were used for intravital imaging. A 200 -300-m image stack was acquired every 5 min in 5-m step size increments for 2 h. Zeiss upright microscope (Carl Zeiss) fitted with a temperature regulated enclosure (Plastics), a Ludl-XY stage controller (Ludl), a 405/491/561/646/750 nm diode laser switcher (Quorum Technologies), a Hamamatsu 512 ϫ 512 EMCCD camera (Hamamatsu), and a full range of Zeiss microscope objectives were used for image acquisition.
Volocity software (PerkinElmer) was used to control the microscope, field movement correction, and single cell tracking.
RESULTS
Proteolytic Processing of PTK7 in Vitro and in Vivo-We specifically employed highly invasive fibrosarcoma HT1080 cells in our experiments. These cells express low levels of endogenous PTK7 and high levels of both active MT1-MMP and ADAMs (21) . These parameters were favorable to establishing the PTK7 effects in the cells, which overexpressed the wild-type or mutant PTK7 or the PTK7-silencing constructs (PTK7, L622D, Chuzhoi (Chz), and shPTK7 cells, respectively). In our study, we also used HT1080 and Chz cells with the transcriptionally silenced MT1-MMP (shMT1 and shMT1-Chz cells, respectively). We have determined that the PTK7 ectodomain was processed at two distinct cleavage sites (21) . The first cleavage caused the release of the soluble N-terminal PTK7-65 ectodomain fragment and the generation of the matching cell-associated C-terminal PTK7-50 species was the result of MT1-MMP proteolysis at the Pro-Lys-Pro2Leu 622 site. The MT1-MMPresistent L622D PTK7 mutant was generated (20) . The second cleavage in the C-terminal portion of the PTK7 ectodomain was performed by ADAMs. This cleavage led to the release of the soluble N-terminal PTK7-70 fragment and generation of the matching cell-associated C-terminal PTK7-45 form. Our experiments also suggested that MT1-MMP and ADAM proteolysis of PTK7 was a prerequisite for the follow-on intramembrane ␥-secretase cleavage of the C-terminal membrane portion of PTK7 (21) . Chz mutation, an Ala-Asn-Pro tripeptide insertion in the junction region between the fifth and the sixth Ig-like domains of PTK7 (36) , causes an inclusion of an additional MT1-MMP cleavage site (Pro-Glu-Lys2Leu 512 ) and aberrant proteolysis of Chz relative to PTK7 (19). Total and cell surface levels of PTK7 and MT1-MMP were assessed by Western blotting of the total cell lysate and the biotinylated membrane samples, respectively ( Fig. 1A) . We also analyzed the levels of the soluble PTK7 ectodomain in the medium. To measure the levels of the full-length PTK7 and its N-terminal soluble and C-terminal membrane-tethered proteolytic fragments, we used the antibodies raised against the N-terminal and C-terminal PTK7 portions.
According to our assays, MT1-MMP was expressed on the cell surface of all cell types we tested, except shMT1 cells in which MT1-MMP was silenced. The solubilized, released PTK7 ectodomain fragments were readily detected in the medium. N-terminal PTK7-65 was the main ectodomain fragment in PTK7 cells. In turn, the N-terminal PTK7-70 fragment alone was recorded in L622D cells, thus confirming the resistance of the L622D PTK7 mutant to MT1-MMP proteolysis. Because of the presence of the additional MT1-MMP cleavage site (Pro-Glu-Lys2Leu 512 ) in the Chz construct, the soluble, released Chz mutant ectodomain was additionally degraded in the medium and, as a result, only very minor levels of Chz were detected in the medium. MT1-MMP silencing inactivated MT1-MMP proteolysis of Chz and led to the release of the N-terminal PTK7-70 Chz fragment into the shMT1-Chz cell medium. The ectodomain fragments of PTK7 were not detected in the HT1080, shPTK7, and shMT1 medium samples (Fig. 1B) .
Full-length membrane PTK7 was detected in the surfacebiotinylated and total cell lysate samples. Our analysis confirmed the efficient PTK7 silencing in shPTK7 cells. Cell surface levels of Chz were low compared with the full-length PTK7. This observation is consistent with the efficient proteolysis of Chz by MT1-MMP (19). Because of MT1-MMP silencing, cell surface levels of Chz increased in shMT1-Chz cells. The C-terminal PTK7-50 fragment was identified in PTK7 and Chz, but not in both the L622D and shMT1-Chz cell lysate samples. In contrast with the C-terminal PTK7-50 fragment, the levels of the C-terminal PTK7-45 fragment were negligible. The levels of the endogenous full-length PTK7 that we detected in total cell lysate samples of shMT1 and shMT1-Chz cells were increased relative to HT1080 cells. Overall, our data suggest that MT1-MMP is a major sheddase of PTK7 in our HT1080 cell system. Furthermore, we analyzed the PTK7 levels in tissue samples derived from tumor xenografts (Fig. 1C) . HT1080, PTK7, and L622D cells were inoculated subcutaneously in immune-deficient nude mice. All injected animals developed tumors. We did not observe a significant difference in tumor growth rate in the HT1080, PTK7, and L622D animal groups (n ϭ 5; data not shown). In 3 weeks post-cell injection, animals were euthanized, and tumor xenografts were excised and analyzed to determine the status of PTK7. In agreement with the results of our cell-based tests, the MT1-MMP cleavage-dependent C-terminal PTK7-50 fragment was detected in the PTK7 tumors but not in the L622D samples. In turn, the ADAM cleavage-dependent C-terminal PTK7-45 fragment was present in both the PTK7 and L622D xenografts. An additional ϳ35-kDa fragment that was the result of the further proteolysis of the C-terminal PTK7 portion was also detected in the PTK7 and L622D samples.
To further support our results, we evaluated the status of PTK7 and MT1-MMP in colorectal cancer biopsy specimens and matching normal tissues (Fig. 1D ). In our Western blotting assays, the N-terminal 65-75-kDa proteolytic fragments of PTK7 were readily detected in tumor samples. In turn, these fragments were absent in normal tissue. The N-terminal 65-kDa and 75-kDa fragments directly correlated with those which we observed in our cell-based systems and which were generated by MT1-MMP-and ADAM-dependent cleavage of the PTK7 ectodomain, respectively (21) . The levels of the N-terminal, soluble fragments of PTK7 in the tumor samples correlated well with the respective C-terminal PTK7 membraneous fragments. Several additional low molecular weight fragments, which were caused by the further fragmentation of the C-terminal portion of PTK7, were also observed in tumor samples. Notably, the ratio of the cleaved PTK7 fragments to the full-length PTK7 was high in colorectal cancer samples compared with the xenografts.
As additional controls, we determined the levels of E-cadherin and MT1-MMP in cancer and normal tissue specimens. Three tumors were E-cadherin-positive, whereas one tumor expressed low levels of E-cadherin. The MT1-MMP enzyme levels were similar in tumor samples relative to normal tissue. However, tumors, but not normal tissue, exhibited significant levels of the ϳ45-kDa autolytic MT1-MMP fragment. This MT1-MMP fragment is the indicative of the presence of the active, TIMP-2-free species of MT1-MMP in the cancer samples alone (41) . Our results indicate that PTK7 is proteolytically degraded in colon cancer, rather than in normal tissue, and that the proteolytic fragments we detected in colorectal tumors are similar to those we observed in our cell-based tests and animal models.
PTK7 Differentially Regulates Cell Motility in the Two-dimensional versus Three-dimensional Environment-To determine the effect of PTK7 on the directional cell locomotion, we next used three assays: the wound healing or scratch assay ( Fig.  2A) , the invasion assay in a three-dimensional collagen matrix (Fig. 2B) , and the invasion assay in transwells (Fig. 2C ). In the wound healing assay, the silencing of PTK7 in shPTK7 cells increased by 20% (p Ͻ 0.05), rather than suppressed, their efficiency of locomotion relative to HT1080 cells. In turn, in the invasion assays in the three-dimensional collagen matrix and in transwells, shPTK7 cells were ϳ50% less motile compared with HT1080 cells (p Ͻ 0.05).
According to the wound healing assay, locomotion of PTK7 cells, which overexpressed the membrane full-length PTK7, was incapacitated. Similarly, relative to HT1080 cells PTK7 cells were 2-3-fold less motile in the invasion assays in both the three-dimensional collagen matrix and transwells (p Ͻ 0.05). The expression of the Chz mutant, however, repressed motility by ϳ50% (p Ͻ 0.05) in the wound healing assay alone but increased the efficiency of cell locomotion in both three-dimensional collagen and transwell assays (by ϳ30 and 45%, respectively; p Ͻ 0.05) compared with HT1080 cells. MT1-MMP silencing in shMT1-Chz cells completely blocked cell locomotion in all three motility assays, whereas MT1-MMP silencing alone in shMT1 cells had no effect on cell motility in the wound healing assay but repressed cell locomotion by Ͼ50% (p Ͻ 0.05) in the three-dimensional collagen matrix and in transwells.
PTK7 Regulates Lamellipodia Protrusions-To establish the effect of PTK7 on directional cell motility in more detail, we employed live imaging of migrating cells (Fig. 3 ). For these purposes, we used a fully automated epi-fluorescence microscope to acquire images of HT1080, PTK7, Chz, shPTK7, and shMT1-Chz cells. Images were acquired every 5 min for 8 h. These time-lapse videos were used to track cells (Fig. 3A) and reconstruct their migration behavior. To assess directionality and persistence of migration, we plotted cell track coordinates (Fig.  3E ) and quantified the number of cells that traveled significant
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distances from their original position. We determined that the number of motile cells that traveled Ͼ40 microns from their original position (time ϭ 0) was 4.6% in HT1080 cells, whereas only 1.5% and 2.3% of PTK7 and shPTK7 cells were migratory, respectively (Fig. 3) . On the contrary, 22.3% of Chz cells migrated over a 40-micron distance.
To analyze the reasons for different motility among these cells, we next focused on the lamellipodia, which behavior largely defines how cells migrate. The lamellipodium is a dynamic flattened cell protrusion formed at the leading edge of migrating cells that contains a branched dendritic network of actin filaments (42) . To visualize lamellipodia dynamics in migrating cells, 1-min intervals were used between the images (Fig. 3, B  and C) . The polarized lamellipodia in HT1080 cells represented a small fraction of the cell circumference and were productive and directionally sustained in the course of our 1-h observation period, resulting in efficient cell locomotion. On the contrary, lamellipodia in shPTK7 cells exhibited a high frequency of pro-trusions and retractions and were less able to support cell migration. Both PTK7 and shMT1-Chz cells remained stationary and readily formed cell-cell contacts and multicellular clusters. These cells displayed actively ruffling non-polarized lamellipodia that occupied a significant portion of the cell perimeter and, as a result, were unsupportive of directional migration. According to our observations, Chz cells alone exhibited the polarized and persistent lamellipodia, which were confined to a small segment of the cell membrane.
Immunostaining of the cells using the TGN46 antibody (a trans-Golgi compartment marker) and phalloidin that binds the cellular actin cytoskeleton supported our above observations. Thus, the 4Ј,6-diamidino-2-phenylindole (DAPI)-stained nucleus, the trans-Golgi, and the lamellipodial actin immunoreactivity were well aligned in polarized HT1080 and Chz cells (Fig. 3) . In turn, there was an evident misalignment among the nucleus, the trans-Golgi, and the lamellipodial actin in nonmigratory PTK7 and shMT1-Chz cells. The yellow lines highlight cell borders after 8 h. B, cell invasion in three-dimensional collagen. Cells were embedded in collagen spheres in serum-free medium. Collagen solution that contained 10% FBS as a chemoattractant was then overlaid on the spheres and then also allowed to form a gel layer. Cells were allowed to migrate from the spheres and invade the collagen layer for 72 h. The original spheres (time ϭ 0) are encircled. Cell images are shown at the bottom. C, relative locomotion of HT1080 (ϭ 100%), PTK7, Chz, shPTK7, shMT1, and shMT1-Chz cells in the wound healing scratch assay and the invasion and invasion assays in the three-dimensional (3D) collagen matrix and transwells. The assays were performed in triplicate. Ϯ S.D. (error bars) did not exceed 10%; p Ͻ 0.05.
PTK7
Regulates Invadopodia-Invadopodia are protrusions of the cell membrane that extend into the extracellular matrix and accumulate MMPs for matrix degradation (42) . To visualize the proteolytic potential of invadopodia, we used the FITC-gelatin in situ degradation assay. After plating the cells on FITC-gelatin followed by a 72-h incubation, the actin cytoskeleton and nuclei were stained using phalloidin and DAPI, respectively (Fig. 4) . Migratory polarized HT1080 and Chz cells efficiently degraded FITC-gelatin and, in addition, generated the well defined degraded gelatin tracks. On the contrary, PTK7 and L622D cells degraded gelatin less efficiently when compared with HT1080 and Chz cells and appeared as the non-motile multicellular clusters lacking the degraded gelatin tracks. The shMT1-Chz control cells did not degrade gelatin and appeared immobile. TGN46 (TGN) ). The nucleus-TGN46 axis is shown by the white lines drawn through the cell body. E, overlaid migration track coordinates (in microns) of HT1080, PTK7, shPTK7, and Chz cells. Images described in A were imported from Metamorph (100 cell tracks each). F, relative motility of HT1080, PTK7, shPTK7, and Chz cells. Migration tracks of individual HT1080, PTK7, shPTK7, and Chz cells were digitized and analyzed to calculate the percentage of cells with a migration distance Ͼ40 microns (measured from the cell origin; time ϭ 0) relative to the total number of cells.
PTK7 Affects Metastasis to the Lung in Mice-According to our current findings, PTK7 plays a significant role in cell migration and invasion. Because both efficient migration and invasion through the basement membrane and tissue are required for metastatic cancer, we next hypothesize that PTK7 affects metastasis of HT1080 cells to the lung. To test our hypothesis, we injected RFP-labeled HT1080, PTK7, and shPTK7 cells (1 ϫ 10 5 /animal; n ϭ 5) in the tail vein of nude mice. When the symptoms of respiratory distress were observed, indicating the progression of the lung metastatic disease, fluorescence images of metastasis to the lung were obtained post-autopsy using the OV100 Small Animal Imaging System (Olympus). The RFP fluorescence was readily detected in metastatic lesions in mice injected with HT1080 cells, but not in mice, which received PTK7 or shPTK7 cells ( Fig. 5 ). At 9 weeks post-cell injection, four mice of the HT1080 group were euthanized. All mice in the HT1080 group exhibited multiple metastases to the lung. In turn, five mice of the PTK7 and four mice of shPTK7 groups were alive at week 11 (Fig. 5B ). One mouse from the shPTK7 group died on week 8, metastases-free. At the end of experiment at week 11, all surviving mice were euthanized, and their lungs were surgically removed, thoroughly analyzed, and weighed (Fig. 5C ). There were no detectable metastases to the lungs of mice in the PTK7 and shPTK7 groups.
PTK7 Affects Cell Invasion and Metastasis in the Chick Embryo Model-To analyze the role of PTK7 in cell invasion and metastasis in more detail, we used the chick embryo model (40) . For these purposes, RFP-expressing HT1080, shPTK7, and L622D cells were injected into a feeding arteriole in the CAM. The intravital images of metastatic lesions were acquired at day 5 post-injection, every 5 min for 2 h using 5-m step increments ( Fig. 6A and supplemental Movie S1). HT1080 cells efficiently extravasated the blood vessels and then acquired the spindle-like, polarized morphology, exhibited an invasive behavior within the CAM tissue, and disseminated along the vasculature (Fig. 6, B and C) , thus demonstrating the characteristics of metastatic cancer cells (Fig. 6, B and C) . On the contrary, both shPTK7 and L622D cells were largely immotile, exhibited the flat, rounded morphology, and lacked membrane protrusions. These cells failed to disseminate and formed the small, compact colonies immediately outside the blood vessels.
To corroborate our results, we also implanted HT1080, shPTK7, and L622D cells into the CAM of ex ovo embryos. The resulting primary tumors were analyzed on day 5 post-implantation. The intravital images of these tumors suggested that HT1080 tumor cells disseminated into the stroma and were readily detectable outside the primary tumor explant. In contrast, no invasive cells were identified outside the shPTK7 and L622D primary tumor borders.
DISCUSSION
Our study is focused on understanding of how the pericellular proteolysis and cell polarity mechanisms converge in cancer cell migration. At its most basic level, polarity may be considered as the generation of asymmetry within a single cell, whether the result of the asymmetry is a directed movement that leads to cellular migration or to the relocalization of specific multicellular structures. Polarized cell locomotion correlates directly with the pericellular proteolysis and extracellular matrix remodeling both of which involve the action of MMPs and especially proinvasive MT1-MMP (43, 44) . Our earlier results established that PTK7 is a major cleavage target of MT1-MMP in the plasma membrane (20) . MT1-MMP directly cleaves the PKP 621 2LI sequence localized in the exposed region of the seventh Ig-like domain of PTK7 generating, as a result, the N-terminal, soluble PTK7 species, which are likely to interact with membrane PTK7 in a dominant-negative fashion. Thus, soluble PTK7 generated by MT1-MMP activity induces RhoA signaling and induces actin cytoskeleton contractility. On the contrary, the full-length PTK7 down-regulates myosin light chain phosphorylation and, as a result, reduces actin cytoskeleton contractility (20) .
Based on our previous results, we have hypothesized that MT1-MMP deactivates the anti-invasive function of the fulllength PTK7 (19 -21). However, in-depth understanding of these effects was lacking in the earlier studies by us and others (9, 17, 20, 22) . We now demonstrate that the MT1-MMP/PTK7 axis is essential for the polarized cell motility through the regulation of cell protrusions, including lamellipodia and invadopodia. Lamellipodia dysfunction and, consequently, inefficient migration were observed in cells with both decreased and increased levels of PTK7. Thus, cells with PTK7 silencing displayed random non-productive lamellipodial activity and, as a result, they were unable to migrate efficiently. In the presence of excess of the full-length PTK7, abnormally active, but nonpolarized, non-productive lamellipodia of large size occupied a significant portion of cells. The full-length PTK7 also suppressed invadopodia activity as evidenced by reduced gelatin degradation. In agreement, PTK7 cells were poorly migratory in the three-dimensional collagen matrix and transwell assays.
Additional evidence was obtained in our studies employing cells expressing the Chz PTK7 mutant alone or in combination with an MT1-MMP knock-out. These results suggested a primary role of MT1-MMP proteolysis of PTK7 in the regulation of cell protrusion dynamics and polarity. Thus, PTK7 proteolysis was essential for the sustained, productive, and well oriented lamellipodia and cell polarity. Notably, MT1-MMP is also localized in lamellipodia of migrating cells and in invadopodia of invading cells (45) (46) (47) . MT1-MMP cleaves ECM proteins, initiates the activation pathway of soluble MMPs, and controls the functionality of cell adhesion and signaling receptors (48 -53) . The importance of receptor shedding by MT1-MMP, including CD44, integrins, and transglutaminase is well documented (54 -56) .
Consistent with our findings in cultured cells, both the PTK7 silencing and overexpression fully blocked the ability of HT1080 cells to metastasize to the lung in nude mice and diminished productive cell invasion in the chick embryo model. Although the shPTK7 and L622D cells were able to form metastatic lesions these cells exhibited non-oriented round cell morphology and failed to invade and disseminate the stroma. Correspondingly, shPTK7 and L622D also failed to invade out of the primary tumors. It is likely that the PTK7 expression levels and a certain ratio of cleaved to full-length PTK7 promote the directed extension of invasive membrane protrusions that control invasive cell behavior and metastasis.
Furthermore, the proteolysis of PTK7 was also readily observed in the human tissue specimens from colon cancer patients. The analysis of clinical samples suggested that the ratio of the full-length PTK7 to the PTK7 proteolytic fragments, rather than the total levels of cellular PTK7 alone, is a promising diagnostic biomarker with predictive value. While our manuscript was under preparation and review, several additional studies directly link the PTK7 functionality with cancer progression and metastasis in prostate, breast, esophageal, lung, and hepatic cancer types and, potentially, in many other cancers (32, 34, 35, (57) (58) (59) . As a result, it is now highly likely that the PTK7 plays a global fundamental role in malignancy.
Overall, our results and the most recent findings by others imply that the PTK7 function is a potential drug target and a novel approach to control metastasis in patients who co-express tumor PTK7 and metalloprotease activity.
Together, our results indicate that a tightly controlled limited proteolysis of PTK7 regulates the directionality and dynamics of cell membrane protrusions in a way that is critical for directed cell motility, invasion, and metastasis.
